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AIX’I’RACT

Flcosccond and nanosecond nonlinear transmission mcasurcmcrrts  were used to dctcrminc the cxcitcd  singlct-
and triplet-state absorption cross sections at 532 nm for group lVA metalloid phthalocyanincs. A tivc-state ratc-
cquation  model is used to analyze the nonlinear lra]lsmission  data. The successful simulations of the nonlinear
trmsmission data on Ibis series of phthalocyanincs  for widely differing pulse durations provide strong cvidcncc for
the validity of the cxcitcd state absorption model. Use of the heavy atom effect has allowed cnginccring  of
phthalocyanincs  with strongly cnhanccd  optical limiting performance.

1. lNTRODIJCTION

Matcnals  that exhibit nordincar absorption arc currently of interest for usc in dcviccs  that protect sensors and
eyes from cncrgctic light pulses, as WC1l as for other optical limiting or switching applications. Optical limiting has
bcc:n mpor~d  for various organic dyes and complcxcs  such as tc.traphcn  lporphyrins,  1 indanthronc  derivatives and
oli,gomcrs, mctallophthalocy  anincs,3  iron-cobalt metal cluslcrs, 1 mctallonaphthalocy  anincss  and C4 o
@uckminstcrfullcmnc).6  Optical limiting in these organic dyes has been attnbutcd  to nonlinear absorption, where
the absorption induced at the excitation wavelength is stronger than the initial small-signal absorption by the
ground state. Such nonlinear absorbcrx have been rcfcrcd to as rcvcrsc  saturable absorbers (RSA) or cxcitcd-state
absorbers. In gcncrd, the cffcctivcncss  of RSA rnolcculcs for optical limiting applications is mainly dctcrmincd  by
the ratio of the cxcitcd-state absorption strength to that of the ground state in the relevant spectral region.

Previously, optical limiting in mctallophthalocy  anincs such as chloroahrminum  phthalocyaninc  (CAP) and
bis(tri-n-hcx  lsiloxy)  silicon naphthalocyaninc  (SiNc) for picosecond and nanosecond laser pulses was

/’investigated. J7 ‘1’hcsc  studies suggested the imponancc of cxcitcd singlet-singlet and triplcl-lriplct absorption to
the optical limiting for different titnc regimes. Wic et a17 reported the cxcitcd  singlet-singlet absorption cross-
scc[ions (crs). The raiio of cxcitcd-sta(c  to ground-state absorption cross sections (@Jg) at 532 nm for CAP and
SiNc were 10.5 and 14, rcspcctivcly,  for 30-60 picosecond pulses. Nanosecond transient absorption mcasurcmcnls
on CAP8 and SiNc9  indicate that substantially larger absorption cross-sections on the order of 30-50 times that of
the ground-state abscmption  cross-scc[ion  arc exhibited by the tnplct-triplet absorption, but these arc offset by
relatively small triplet yields. ‘I’his lcd us to usc the heavy atorn effect as an approach to enhancing the nonlinear
absorption of phlhalocyanincs.  increasing the atomic number of the central atom incrcascs  the cffcctivc  spin-orbit
coupling for the rt-electrons and, thcrcforc, the intcrsystcm crossing rate from singlet to triplet states. With
cfficicnt population of the triplet state, onc would expect m cnhancc  the nonlinear absorption in these molcculcs
for “Iascr  pulse durations shorter than the lifctirnc  of [bc triplet s{atcs  (typically ICSS than 400 pscc).
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WC have rcccntl  y demonstrated 10 for a series of phthalocyanincs  containing metalloid atoms (silicon,
germanium and tin) thlat the heavier atoms  lead to enhanced optical limiting for nanosecond laser pulses. Evidcncc
for ltnplct-state cnhanccmcnt  of the optical limiting was obtained from mcasurcmcnts  with different pulse widths,
i .c. 8 ns as compared to 70 ps, 532 run laser pulses. We observed that the nonlinear absorption increases in the
order of SiPc, CCPC  and SnPc for nanosecond pulses, but the picosecond nonlinear absorption, duc only to excited
singlet state absorption, follows the opposite trend. Thus, on a timcscale where the excited singlet state is decaying
and the triplet state population is increasing, molcculcs  with heavier metalloid atoms exhibit cnhanccd  nonlinear
absorption. This strategy has indeed lcd to engineering of phthalocyanine  dyes with enhanced optical limiting
response. For example, the strong-signal optical limiting output of SnPc is a factor of six lower than CAP and a
factor of two lower than SiNc, for solutions with 67% linear transmission in an f/# 19.7 optical limiting geometry,

In this paper, wc present an analysis of the nonlinear transmission of the group IVA metalloid phthalocyanines
that dctcrmincs  their cxcitcd-state absorption cross sections at 532 nm. The structures of these compounds,
prcparvd using literatulv methods,l 1-14 are shown in Figure 1. A five-state rate-equation model provides a good
description of the nonlinear transmission on picosecond and nanosecond timcscalcs over a wide range of pulse
cncrgics. Triplet-tnplct absorption spectra in the visible arc prcscntcd.
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Figure 1. Molecular structures of soluble group IVA metalloid substituted phlhalocyanincs,

2. KINETICS OF ItXCITEI)-S3’AIE  ABSORPTION

A state diagram relevant to cxcitcd-state absorption in organic dyes is shown in Figure 2.
Mctallophthalocyanin,cs  exhibit strcmg electronic transitions in the visible (Q band at -700 nm) and in the near UV
(B or Sorct band at 300-400 rim). Both the Q [la] u(n) + lcg(z’)]  and B [ la2u (x) + lcg(rc*)] bands arise fmm
transitions to n-n*  Stiitcs of Eu symmetry. 15 For optical wavelengths between the B and Q bands (400-600 nm)
excitation will be to lhigh vibrational levels of the first excited singlet state, SI, or to weakly allowed electronic
states, and fast relaxation to the lower vibrational lCVCIS  of S] occurs. Subsequent cxcitcd-state singlet-singlet
transitions can occur and may involve promotion of an electron from the 1 Cg orbital to 1 b 1” or 1 b2u orbitals.  The
upper cxcitcd singlcl.  states typically have ultrafast  relaxation to S] with a time constant on the order of onc
picosecond. Intcrsystcrn crossing from S 1 competes with fluorcsccncc  and in(cmal conversion, giving rise to
population of the lowest tnplct  slate and tnplct-triplet absorption.
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‘l-he transmission of a system dcscribcd  by the state diagram in Figure 2 will depend, assuming fast de basing,
(?on the populations of the ground and excited states, as WCII as the various absorption cmss-sections. 1 Y7* 1 ’20 The

rate lcquations  dcscnbing  the electronic slate populations for the five-state model arc:

dN()-.—. — :=
dt –q)] N()@ + kloNl  +- k:30N3 (1)

dN 1—— :=
dt q)] NO 0 – 012N1 0 - (k]()+ k13)N]  + k21 N 2 (2)

dN2——— :=
dt 012 N1 @ - k21 N2 (3)

dN~-—— :=
dt –034N3@  – k30N3 + k]3N] (4)

dN~
dt ‘= cJ34 N3 @ – k43 N4 (5)

subject to No(O) = NOl(t)  + N 1 (t) + N2(t) + N3(t) + N4(t) and N I (0), N2(0), N3(0),  and N4(0) = O, where N is the
number dcnsit of the subscripted state (S0 = O, S1 = 1, Sn = 2, T1 = 3 and Tn = 4), @ is the photon flux (i.e. I/hv)

3in photons/cm SCC, and o and k am the absorption cress section and spontaneous decay rate bctwccn  subscripted
states, rcspcctivcly. The propagation equation for an optical pulse is, assuming a slowly varying cnvclopc
approximation:
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I;igum 2. IJivc-slate model for nonlinear absorption behavior of mctallophthalocy  anincs. Symbols arc defined in
(I1C Icxt,
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With a specification of the matcnal  parameters: No(O), the o values, the various photophysical  rate conslants  and
pathlcngth,  1, and the optical pulse charactcnslics:  pulse cncr.gy, duration, shape in time and transvcmc  pmlilc, the
cqualions can bc solved to give the transmission, A Forttan program was dcvclopcd  to numerically solve the
coupled rate equations for the time integrated transmission of optical pulses. Input pulse profiles were taken as
Gaussian functions in time and space and the transmission was averaged over the transvcr.sc  protilc.  The excited
stale absorption cross-sections, G12 and 034, were adjusted to give a best fit to the cxpcrimcntal  transmission
versus pulse cncrg y data, with other parameters dctcnnincd  scparatcl  y and held fixed in value. In the next section,
the photophysical  pa~ramctcrs  for the phthalocyanincs  will be spccificd and determination of the cxcitcd  state
absorption cross-scctilons by fitting the nonlinear transmission data will be discussed.

3. lF;XCITED-S’l’ATE  AIJSORPTION CROSS SECTIONS OF GROUP lVA
METALLOPHTIIAI.  OCYANINES

3.1. Photophysical  properties

To extract the absorption cross sections for the singlet-sing]ct, 012, and triplet-triplet, cr34, transitions from
nonlinear transmission data using the rate-equation model dcscribcd earlier, the values of the cxcitcd-state decay
rates k 10, k~, 1, k 13, k43, k30 and the ground-state absorption cross section, 001, must bc known. Table 1
summarizes the peak wavckmgth of the Q-band absorption, knlax, the SI fluorescence lifetime, zs = l/(k10 + k 13),
and the triplet yiclcl,  $T == kl 3/(k I o + k] 3), for the group IVA metalloid phtbalocyanincs  and SiNc. The
fluorcsccncc  li fctimcs  were dircctl y dctcrmincd  using time-correlated single-photon counting. Direct cxpcnmcntal
@T values for the phtlhalocyanincs  are not yet available, but wcru roughly estimated from cxpcrimcntal  fluorcsccncc
yields and an estimate of the intcmal  conversion yield ~ic. @ic for SiNc was dctcmlincd  from a mcasurcmcnt  of @fl
ami the known $T, using $ic = 1 – @T – WI. $fl was dctcrnlincd for SiNc and [bc phthalocyanincs  in tohrcnc
solutions, using a relative method. For SiNc $fl = 0.45 and, therefore, $ic = 0.35. Taking $ic for lhc group IVA
metalloid phthalocyanincs to be the same as for SiNc allowed the rough estimates of $T in I“ablc  1 to be made.
The shortening of thlc SI lifetime and the incrcasc in the wiplct yields of the phthalocyanincs  upon heavy atom
substitution is evident. The radiative lifetimes of these molcculcs, calculated using a Stricklcr-13crg  analysis,21
agreed to within 10% of those obtained using krad = Of] i w. l’hc Upper Cxcitcd-slate non-~~diativc relaxation
ratss, k21 and k43, were assurncd  to be 1 ps. The decay of the first triplet state, TI, to the ground state occurs on a
much slower time sc,alc  than k13. For example, k 13 for SiNc was rcportcd9 to bc (330 Ws)- 1 in dcacratcd  solutions.
The tnplct relaxation in acrdtcd solutions is bicxponcntial  with decay tirncs of -2 and 42 IIs.9 In all cases, the T1
decay time is much longer than the pulse durations used in this study. The ground-slate absorption cress sections,
GOI, arc dc[cnnincd  from linear absorption mcasurcmcnts  and arc listed in Table 2.

TAB1 E 1. Photophysical  parameters of group IVA metal substituted phihalocyanincs

Molcculc k,lltlx (rim) ~~ (ns) OT— ——
SiNca 774 — 3,15 i 0.05(5) 0.20 i. 0.03 (g)

Sil’cb 664 4.5 i ().10 0.35 d

Gcrcb 667 4.2i0.10 ().37 ~
snPcb 678 2,0 * 0.10 0.55 d
Pbrcc 714 o.7io.lo 0.70 d—-.

—a) Molcculc  of the form: M(OSi(C~H13)3)2Nc
b) Molcculc  of the form: M(OSi(C61113)3)2Pc
~:) Molcculc  of the form: MPc(t-C4H9)4
d) Estimalcd  values, refer to text. Precision cs[imatcd  to bc 120%



3.2. Analysis of picosecond and nanosecond nonlinear transmission

3.2.1. Experiment

A single beam experimental arrangcmcm  was used to measure the nanosecond nonlinear transmission, ~’hc
excitation source was a frequency-doubled Q-switched Nd:YAG laser (Quantcl 660) modified to operate in a
TEM 00 transverse mode with an 8 ns (FWHM) multimode pulse envelope. The laser pulses were focusscd into
1-cm pathlcngth solutions by a 50-cm “lxxt  form” lens that provided a Gaussian spatial intcnsily  profile of 135 pm
radius (I IW1/c2M).  T]hc Raylcigh  range was about 11 cm giving rise to essentially collimated beam propagation
through the l-cm cuvcttcs. ‘f’hc transmitted pulse was dctectcd with a silicon photodiodc  of 1 cm2 active area
placed 15 cm behind the sample. The detector was placed close to the sample in order to collect all the transmitted
energy. Thus, changes in the transmitted energy for incident cncrgics up to the breakdown threshold arc duc only
to absorption processes in the solutions. The incident pulse energy was monitomd on every shot by using a beam
splitler to direct a fraction of the incident beam to another photodiode. The photodiodcs were calibrated with a
Scicntcch  model 362 pwcr meter. A series combination of polarizc~  and half-wave plates were used as variable
attenuators for energy-dependent mcasurcmcnts.

A similar optical amangcmcnt  was utiliz,cd  for picosecond nonlinear transmission mcasurcmcnts. 7hc
picosecond pulses wcnc produced by injection of continuous-wave mode-locked Nd-YAG output into a 10-IIz Nd-
YAG rcgcrmativc  anvplificr,  followed by frequency doubling. The laser operated in a near Gaussian profile and
produced temporally ~aussian  pulses of nominally 70 ps (FWIIM) duration. The laser pulses were focused into
the s.am lc, again using 50 cm “best form” lens, to provide a roughly Gaussian spatial inlcnsity  profile of 61 pm

!(I IkfT1/c M). The rest of the geometry was the same as for the nanosecond mcasurerncnts.

3.2.2. Results

Fi gurcs  3 and 4 show nonlinear transmission curves for SiPC and SnPC solutions for picosecond and nanosecond
pulses, respcctivc]y. Experimental nonlinear transmission data have been obtained for pulse cncr.gics  spanning
over more than three orders of magnitude. The data arc shown along with best fit theoretical simulations
calculated using the iivc-state rate-equation model, At low incident energies the transmission approaches the
linciir  transmission of the solutions. With increasing pulse energy the transmission drops and ultimately begins (o
approach a limit for the highest energy range. The results in F’igurcs  3 and 4 were obtained for dyc concentrations
of about 2.0 x 10-4 M. Additional mcasurcmcnts of nanosecond and picosecond nonlinear transmission of SiNc,
SiPC,  GcPC, SnPC and PbPC in tolucnc solutions were performed for concentrations varying from 8 x 10-5 to 5.5
x ICI-4 M.

3.2.3. Rate equation analysis and excited-state absorption cross sections

The rate-equation model described earlier involving cxcitcd singlet and triplet states was imp]cmcntcd  to tit the
nonlinear transmissicm  responses of (hc various phtbalocyanincs. The fitting strategy followed to extract tbc
cxcitcd-state absorption cross sections was to first fit the 70 ps picosecond data for each molccu]c,  these data being
dominated by the cxcitcd-singlet  absorption, thus establishing the cxcitcd-singlet absorption cross sections. Wc
thctl fit tbc 8 ns nonlinear transmission data, holding the cxcitcd-sing]c[  absorption cross scciions fixed, to obtain
the triplet-tnplct absorption cross sections.

Figure 3 shows the best theoretical fits for SiPc and SnPC solutions for 70 ps pulses. l“hc photophysical
parim~ctcrs nccdcd fior generating the numerical fits for each molcculc  were described in section 3.1. The
numerical fits arc in good agreement with the. data for incident cncrgics up to about 100 pJ at which point the
lhcorctical transmission rcachcs a minimum and begins to incrcasc, departing from the cxpcrimcn(al data. This
calcula(cd  hchavior  is duc to saturation of population in tbc upper cxcitcd  singlet state and will be discussed below.
Analysis of the data for the various phthalocyanines leads to lhc values for 012 lislcd in Tab]c  2. The o] 2 value
obtained for SiNc is in agrccmcnt with the value previously rcportcd7.
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in ti.gurc  4, the best thcortl.ical  fits for SiPc and SnPC for 8 ns pulses are shown. Using 012 obtained from the
analysis of the picosecond data, along with the other photophysicat paramctcrx, as fixed parameters, numerical fits
of lhc 8 ns nonlinear transmission data allowed 034 to bc established. 1“’hc rate-equation model successfully
simulates the nanosecond nonlinear transmissions for this sclies of phthalocyanincs  over the full range of incident
pulse energies. The cxtractcd values for 034 arc listed in Table 2. The cr34 value obtained for SiNc agrees with
the extinction cocffrcicnt of the triplet-tnplct transient absorption reported by Fircy et al.9 Exccllcnt  simulations of
the cxpcnmcntal  non’linear transmission were obtained for solutions with varying dyc concentrations, using a
single set of paramctcm.

In the calculated picosecond nonlinear transmission wc observe a strong bleaching effect for pulse energies
abcwc 100 pJ. This behavior is duc to kinetic saturation of population in the upper cxcitcd singlet state. In the
limit where the intensity is high enough that the pumping rate, 6120, compctcs  with the decay rate k21, assumed
earlier to bc (1 ps)–l, population will build up in S1l. Since no additional absorption from this state is included in
the model, the calculated transmission will nsc and approach unity as the Sn population saturates. If k21 used in
the calculation is incrcascd the bleaching effect is rcduccd, however for low concentration solutions, the high
energy behavior deviates from the cxpcrimcntal  data even for rates as high as (1 O fs)- 1. This suggests that
additional loss channc]s, such as absorption from Sn to even higher singlet states or nonlinear refractive beam
spreading, not accounted for in the model arc affecting the measured transmission. Noncthclcss,  012 is well
defined by the lower energy (<100 pJ) data, particularly for higher concentrations.

T,4B1 ,1;. 2 Absorption (loss Scctionsa  for Group IVA Metalloid Phthalocyanincs

Molcculc -l (J12 a]~cro] 074 a34/o~ 1 $T cr34/cJO1
SiNcb ‘- 2.8

—.—
39 14 — 90 32 6.4

Sil’cc 2,4 30 13 48 20 7.0
GCPCC 2.3 30 13 51 22 8.2
SnPcc 2.1 22 11 67 32 18
PbPcd 1.4 42 30 33 23 16———— —

a) Cross sections given in units of 10 -18 cm2. Estimated precision in cross sections: 00 I (t 5%), cr 12
(i 10%) and 034 (f. 20%).

b) Molcculc  Of thC fOllll  : Si(OSi(C6}] 13)3)2NC.
c) Molcculc  of the fOIm : M(OSi(C6H  13)3)2PC.
d) Molcculc  of the form: MPc(t-C4H9)4.

‘1’hc values of 001 and 012 show a slight dccrcasc in going from SiPc to GCPC to SnPc, leading to a nearly
conslant  ratio, Rs = cr12 / 001. However, for PbPc crol is yet smaller and 012 is larger than for SnPc, leading to a
substantially Iargcr R:$ than for the other phthalocyanincs. lndccd,  PbPc shows a lower strong-signal picosecond
non’linear transmission than the other rnolcculcs.  T’hc vahrcs of cJ34 for the phthalocyanincs  dctcrmincd  by fitting
the lnansccond  transmission data arc dcpcndcnt on the estimated values for $-r, thus their accuracy is limited by the
uncertainty in the cshimatcs. However, the product r$T 034 is WC1l dctcrmincd by the analysis, so wc have also
lislcd  in Table 2 the ratio RT = @T 034/001,  Thc 034 vahrcs  for SiPc, GCPC and SnPc comparable and the value for
PbPc is somewhat rcduccd,  but the 034/  001 ratios arc roughly conslant.  It is not known whclhcr the diffcrtmccs
in the paramctcm  for l?bPc and the other phthalocyanincs  arc duc to the metal or the different ring substitution, i.c,
tctra-t-butyl  for the PbPc versus unsubstitutcd for the other molcculcs. ‘1’hc values of RT for the phthalocyanincs
show that heavy atom substitution leads to an cnhanccd  tnplct-triplet contribution to the nanosecond nonlinear
transmission in these molcculcs.

\Vi(h values for the cxci[cd-state cross sections and the photophysical  parameters, i.e. -KS and $-t, an assessment
of tlhc relative contributions of cxcitcd  singlet-singlet and triplet-triplet absorption to the optical limiting of the



phlhalocyanincs  for various pulse durations can be made. As discussed above, for pulse durations much less than
zs the optical limiting response is dominated by singlet-singlet absorption. When pulse durations are much larger
than TS the singlet conmibution  diminishes and the contribution of the triplet-tnplct absorption becomes dominant,
g’hc various phthalocyanincs  examined have different relative singlet and triplet contributions, for the 8 ns pulse
durai.ion  used in this study. For SiNc, SiPc and GCPC with ‘ts -- 3-5 ns and RT < Rs, excited-singlet absorption
makes a large contribution. On the other hand, for SnPc, with %S = 2 ns and RT > RS, the tnplct  contribution is
mom significant and fcr PbPc, with zs = 0.7 ns and RT - 0.5 Rs, the triplet contribution is dominant.

4. TRIPI,13T-TRIPI.13T  AIISORPTION  SPECTRA

Onc consideration in evaluating materials for optical limiting applications is the bandwidth over which the
limiting performance is cffcctivc.  Ideally, for RSA rnolcculcs,  the ratios Rs and/or RT would be large over a wide
spcclral range. The ph(halocyanincs  typically have weak ground state absorption over about a 150 nm range
centered at -500 nm. To dctcrminc  spectrum of the cxcitcd tnplct  state absorption in group lVA metalloid
phihalocyanincs,  nanolsccond transient absorption mcasurcmcnts  were conducted. The third harmonic of a Q-
switchcd Nd:YAG at 355 nm with a 10 ns (FWHM) pulse duration was used as an excitation source and a pulsed
xcnom lamp white-light source was used as a probe. Figure 5 shows the transient difference spectra for SiPc,  GCPC

and SnPc acquired 100 ns after the excitation. We find that the triplet-triplet absorption spectra of these molecules
arc csscntiall y independent of the central metal atom and consist of broadband absorption (-120 nm F WHM) with
a maximum around 5:10 nm, WC1l overlapped with the transmission band in the ground-state absorption. These
rcsuilts  suggest that the phthalocyanincs  will exhibit cffcctivc broadband optical limiting over the 450-600 nm
spcclral  range for nanclsccond  or longer pulse durations.
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Figure 5 Diffcrcncc tnplct-triplet absorption spectra of SiPC, GcPC and SnPC in tolucnc.



5. CONC1.USlON

It has been demonstrated that the heavy-atom substitution of phthalocyanincs leads to enhanced nanosecond
nonlinear absorption duc to incrcascd population of the strongly absorbing tnplct  state. A five-state rate-equation
model provides a good description of the nonlinear transmission behavior of these dyes for picosecond and
nanosecond pulses. The successful simulations of the nonlinear transmission data on this series of phthalocyanincs
for widely diffcnng pulse durations prwidc  strong cvidcncc  for the validity of the excited-state absorption model.
Nanlosccond transicllt  absorption mcasurcmcnts  suggest that the nanosecond optical limiting rwponse  of these dyes
should span over 15~D nm in the visible. PbPc exhibits roughly an order of magnitude lower strong-signal
transmission, for picolsccond  or nanosecond pulses, as compared to CAP. SnPc and PbPc possess large excitcd-
statc absorption cross sections and triplet yields, and are quite promising for optical limiting applications.
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